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ABSTRACT
Context. Small-scale bright features in the photosphere of the Sun, such as faculae or G-band bright points, appear in connection with
small-scale magnetic flux concentrations.
Aims. Here we report on a new class of photospheric bright points that are free of magnetic fields. So far, these are visible in numerical
simulations only. We explore conditions required for their observational detection.
Methods. Numerical radiation (magneto-)hydrodynamic simulations of the near-surface layers of the Sun were carried out. The
magnetic field-free simulations show tiny bright points, reminiscent of magnetic bright points, only smaller. A simple toy model for
these non-magnetic bright points (nMBPs) was established that serves as a base for the development of an algorithm for their automatic
detection. Basic physical properties of 357 detected nMBPs were extracted and statistically evaluated. We produced synthetic intensity
maps that mimic observations with various solar telescopes to obtain hints on their detectability.
Results. The nMBPs of the simulations show a mean bolometric intensity contrast with respect to their intergranular surroundings of
approximately 20%, a size of 60–80 km, and the isosurface of optical depth unity is at their location depressed by 80–100 km. They
are caused by swirling downdrafts that provide, by means of the centripetal force, the necessary pressure gradient for the formation of
a funnel of reduced mass density that reaches from the subsurface layers into the photosphere. Similar, frequently occurring funnels
that do not reach into the photosphere, do not produce bright points.
Conclusions. Non-magnetic bright points are the observable manifestation of vertically extending vortices (vortex tubes) in the
photosphere. The resolving power of 4-m-class telescopes, such as the DKIST, is needed for an unambiguous detection of them.
Key words. Sun: photosphere – Sun: granulation – hydrodynamics – turbulence
1. Introduction
Brilliant minuscule features, visible in white light on the solar
disk, have attracted the attention of observers from the begin-
ning of solar physics. In the early days of solar observation, it
was the faculae that were of interest, but with the advent of high
resolution observation, the “solar filigree” (Dunn & Zirker 1973)
or “facular points” (Mehltretter 1974) have caught the attention
of observers. Later, these objects became well-known as the “G-
band bright points” (Muller & Roudier 1984), which were inves-
tigated in great detail with the Swedish Solar Telescope (SST),
for example by Berger & Title (1996, 2001) and Berger et al.
(2004). Both faculae and G-band bright points host concentra-
tions of magnetic fields with a strength of approximately 1000
Gauss, which are indeed at the origin of the brightenings. Utz
et al. (2014) give properties of individual- and the statistics of an
ensemble of 200 magnetic bright points, observed with the 1 m
balloon-borne solar telescope Sunrise.
Magnetohydrodynamic simulations have been carried out to
explain the brilliance, shape, and physics of faculae (e.g. Carls-
son et al. 2004; Keller et al. 2004; Steiner 2005; Beeck et al.
? The movie associated to Fig. 1 is available at
http://www.arxiv.org
2013, 2015), the origin of G-band bright points and their con-
gruency with magnetic flux concentrations (e.g. Shelyag et al.
2004; Nordlund et al. 2009) or properties of the solar filigree
(e.g. Vögler et al. 2005; Stein 2012; Moll et al. 2012). Various
explanations on the extra contrast of G-band bright points were
provided by Steiner et al. (2001), Sánchez Almeida et al. (2001),
or Schüssler et al. (2003).
Non-magnetic photospheric bright points have also been re-
ported to exist (Berger & Title 2001; Langhans et al. 2002).
These features are likely parts of regular granules, or the late
stage of collapsing granules, or tiny granules. Turning to numer-
ical simulations, Moll et al. (2011) find in their simulations the
formation of strong, vertically oriented vortices and they discuss
a single event that gives rise to a depression in the optical depth
surface τ = 1 and a locally increased radiative bolometric inten-
sity of up to 24%, confined to within an area of less than 100 km
in diameter. Since this event occurs in a simulation that con-
tains only a weak magnetic field, their bright point is essentially
non-magnetic in nature. Freytag (2013, Fig. 6) shows a bolo-
metric intensity map of the hydrodynamic (non-magnetic) high-
resolution CO5BOLD run d3t57g44b0, which shows a number
of brilliant tiny dots. This run contributes part of the data that is
analyzed herein. The present paper focuses on the derivation of
AA/2016/28649, page 1 of 10
ar
X
iv
:1
61
2.
04
27
8v
1 
 [a
str
o-
ph
.SR
]  
13
 D
ec
 20
16
A&A proofs: manuscript no. aa28649-16
Table 1. Box and cell sizes, number of opacity bands, nopbds, and run
duration, trun, for the two simulation runs Roe10 (d3t57g45b0roefc)
and Roe7 (d3t57g44b0).
Run Cell size [km3] Box size [Mm3] Height range [km] nopbds trun
Roe10 10 × 10 × 10 9.6 × 9.6 × 2.8 −1240 < z < 1560 5 2.6 h
Roe7 7 × 7 × 7 5.6 × 5.6 × 2.8 −2540 < z < 260 1 1.5 h
Notes. z = 0 refers to the mean optical depth one.
statistical properties of this type of bright point rather than on
single events or their mechanism.
In this paper, we report on two magnetic field-free radiation-
hydrodynamics simulations, which show tiny bright features of
about 50–100 km in size, located in the intergranular space,
well separated from granules, yet non-magnetic by construction.
They obviously represent another class of photospheric bright
feature, which we henceforth refer to as non-magnetic bright
points (nMBPs).
From these simulation data, we extract a total of 357 nMBPs
from which we derive statistical properties and we investigate
conditions for the observational detection of them. In Sect. 2, a
representative nMBP is displayed and we propose a theoretical
toy model for it that provides us the basis for a recognition algo-
rithm that is given in Sect. 3. The basic physical properties and
statistics of the nMBPs are presented in Sect. 4. In Sect. 5 we
look at synthetic intensity maps and discuss conditions for the
observation of nMBPs. Conclusions are given in Sect. 6.
2. nMBPs from the simulations
The magnetic field-free, three-dimensional simulations that we
have carried out cover a horizontal section (field-of-view) of
9600×9600 km2 of the solar atmosphere, extending from the top
of the convection zone beyond the top of the photosphere over a
height range of 2800 km. The optical depth surface τ500nm = 1
is located approximately in the middle of this height range. The
spatial resolution of the computational grid is 10 × 10 × 10 km3
(size of a computational cell), identical in all directions. A full
data cube of the simulation (full box) is stored every 4 min,
whereas a two-dimensional map of the vertically directed, bolo-
metric radiative intensity at the top boundary is produced every
10 s.
The simulations were carried out with the CO5BOLD code,
a radiative magneto-hydrodynamics code described in Freytag
et al. (2012). For our present study of nMBPs, we use the run car-
ried out with the hydrodynamic Roe module, which implements
an approximate Riemann solver of Roe type (Roe 1986) and a
radiative transfer module based on long characteristics and the
Feautrier scheme. Multi-group opacities with five opacity bands
were used. The simulation started from a former relaxed simu-
lation of lower spatial resolution, which was interpolated to the
present higher resolution and relaxed for another 30 min physical
time. Computations were carried out on two different machines
at the Swiss National Supercomputing Center (CSCS) in Lugano
and on a machine at the Geneva Observatory. The simulation was
evolved for 1.5 h physical time after the relaxation phase and re-
produces, with excellent fidelity, the well known granular pattern
of the solar surface and magnetic bright points in the intergran-
ular space if magnetic fields are added. We call this simulation
run Roe10.
For the statistical analysis in Sect. 4, we also used the
simulation run described in Freytag (2013), referred to as
Fig. 1. Bolometric intensity map of the non-magnetic simulation of a
field of view of 9.6 × 9.6 Mm2. The nMBP in the close-up on the left
has a diameter of 80 km (resolved by approximately 8×8 computational
cells). It has an intensity contrast of 35% with respect to the immediate
neighbourhood but only 5% with respect to the global average intensity.
A second nMBP is visible in the close-up on the lower right. Vertical
sections along the blue lines in the close-up on the left are shown in
Fig. 2. This figure is accompanied by a movie.
d3t57g44b0n025. It is computed with the same hydrodynamic
solver as Roe10 but has an even finer spatial resolution with 7 km
cell-size in all directions; we therefore call it Roe7 for short. This
simulation covers a field-of-view of 5600 × 5600 km2, and was
computed with one single opacity band (grey opacity) and full
boxes were stored every 10 min for a time span of 3 h. The two
runs are summarized in Table 1.
Figure 1 shows two nMBPs in one of the intensity maps
taken at t = 240 s after the relaxation phase of run Roe10.
Like magnetic bright points, they are located in the intergranular
space but are smaller in size. From the accompanying movie one
can see that nMBPs appear in the intergranular space, often at
vertices of intergranular lanes and they move with them or along
intergranular lanes in a similar fashion to magnetic bright points.
They often show a rotative proper motion.
Vertical sections of the density in planes along the lines of
the blue cross indicated in Fig. 1 are shown in Fig. 2. In this
figure, the blue curve indicates the optical depth unity for ver-
tical lines of sight, which separates the convection zone from
the photosphere. One notices that in the location of the nMBP,
there is a funnel of reduced density (colour scale) that extends
from the photosphere into the convection zone. The red curve
indicates the local minimum of the density in horizontal planes.
Similar funnels of low density are also found in connection with
magnetic bright points. However, in the context of small-scale
magnetic flux-tube models (see, e.g. Spruit 1976; Zwaan 1978;
Steiner et al. 1986; Fisher et al. 2000; Steiner 2007) the pres-
sure gradient caused by this low density region is balanced by
the magnetic pressure of the magnetic field concentration.
The underlying mechanism causing nMBPs is necessarily
different because no magnetic pressure is available. We can get
information about this mechanism by looking at the Eulerian
momentum equation
∂u
∂t
+ (u · ∇) u + 1
ρ
∇P + g = 0 , (1)
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Fig. 2. Vertical sections through the nMBP shown in Fig. 1. The background colour shows mass density, where the brightness encodes the sign of
the velocity perpendicular to the plane of projection: bright is plasma flowing out of the plane and dark is plasma flowing into it. The red curve
indicates the spine of the nMBP, a “valley” in density, found as a sequence of local density minima in horizontal planes. The blue curve indicates
the Rosseland optical depth unity. The legend gives intensity, density, and gas pressure contrast, firstly with respect to the neighbourhood and
secondly with respect to the global average (at τ = 1 for the density and the pressure).
where u is the velocity field, t the time, ρ the mass density, P the
gas pressure, and g the gravitational acceleration at the solar sur-
face. Assuming a stationary field we can neglect the first term.
In a horizontal plane, gravity does not play any role, and there-
fore the pressure gradient can only be balanced by a particular
shape of the velocity field, which appears in the advection term.
In Fig. 2 the sign of the velocity field is encoded by means of
brighter colours (velocity is going out of the plane of projection)
and darker colours (velocity is going into it). Combining the in-
formation provided by the two planes, we conclude that plasma
is swirling around the funnel of low density, the minimum of
which is marked by the red curve.
This swirling explains the stability of nMBPs only quali-
tatively, but it also provides insight into their formation. The
plasma that rises to the photosphere by convection cools off,
becomes denser, and subsequently sinks back into the convec-
tion zone in the intergranular lanes, which are smaller than the
granules. Any small initial angular momentum in the plasma
will lead, when downflows contract, to the generation of swirls.
This effect has already been described by Nordlund (1985) in
a slightly different context. There, it was referred as the “bath-
tub” effect and appeared in the sub-surface layers at locations
of downdrafting plumes. In our simulations we also find many
locations with low densities in the sub-surface layers and corre-
sponding swirls (see Fig. 3), but in general those swirls do not
lead to bright points. In fact, bright points only appear if the low
density funnel extends spatially from the convection zone to a
significant height into the photosphere. Such an extended region
of low density leads automatically to a depression of the unit op-
tical depth isosurface (blue contour in Fig. 2), for which we will
borrow the term “Wilson depression” in analogy to the observed
depression in sunspots.
3. From a nMBP toy-model to a recognition
algorithm
We now come back to the Eulerian momentum equation, Eq. (1).
For establishing a toy model, we impose the following condi-
tions, which derive from the properties of typical nMBPs, as the
one shown in Figs. 1–3:
1. nMBPs are long-lived and stable so that the velocity field can
be considered stationary;
2. they have cylindrical symmetry;
3. their velocity field has a non-vanishing azimuthal compo-
nent;
4. they extend in the vertical direction and their shape does not
depend on depth.
Because of the second assumption, the Euler momentum equa-
tion should be rewritten in cylindrical coordinates. The advection
term is then given by
(u · ∇)u =
(u · ∇)vr − v2θr
 rˆ + (u · ∇)vθ + vθvrr
 θˆ + (u · ∇)vz zˆ ,
where the directional derivative is
u · ∇ = vr∂r + vθr ∂θ + vz∂z .
The simplest field satisfying the conditions 1–4 is
u = vθ (r) θˆ .
Because of cylindrical symmetry, the pressure gradient is pro-
vided by (∂rP) rˆ + (∂zP) zˆ. Inserting the velocity field into the
Euler momentum equation and projecting it into the horizontal
plane leads to the trivial statement that the pressure gradient is
in fact provided by the centripetal force
1
ρ
∂P
∂r
=
v2θ
r
. (2)
When comparing the typical nMBPs of Figs. 1 and 2 to this
model, it immediately turns out that assumptions 2 and 4 are
only qualitatively fulfilled. The first assumption is less straight-
forward; on the one hand, the dynamical timescale for nMBPs
is
τ =
v∥∥∥∥∥∂u∂t
∥∥∥∥∥ =
v∥∥∥∥(u · ∇) u + 1ρ∇P + g∥∥∥∥ ,
and this timescale is in the order of seconds (6 ± 2 s in a
1000 × 1000 km2 neighbourhood around the nMBP of Fig. 1, on
the τ= 1 isosurface). On the other hand, the simulations show
nMBPs to have a typical lifespan in the order of the granula-
tion timescale. The difference between the two timescales can in
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Fig. 3. Left: low-density regions in a sub-surface layer 200 km below 〈τ〉 = 1 sustaining swirls. The colour map extends from blue, indicating
low density, to red, indicating high density, and the arrows represent the plasma velocity projected into the horizontal plane. Longest arrows
correspond to a velocity of 9.5 km s−1. Such swirling low density regions are much more abundant than nMBPs but most of them do not extend
into the photosphere and therefore do not produce nMBPs. Right: corresponding bolometric intensity map. Of the several low density swirling
regions in the left panel only the one at (x, y) = (0, 0) produces a nMBP.
fact be expected when inspecting the simulations, because even
though nMBPs exist for up to five minutes, they are moving,
often even rotating, and their shape is continuously changing.
The model could be refined by rewriting the velocity field as
u (x, t) = u0 (t)+ u′ (x), where u0 is the bulk velocity of the nMBP
and u′ is the stationary field that we have considered until now.
We then get the new Euler momentum equation
1
ρ
∂P
∂r
=
v2θ
r
+
∂u0
∂t
,
where, in general, u0 should also be a non-constant coordinate-
dependent field. These considerations lead to the conclusion that
no simple model can fully reproduce nMBPs’ behaviour. Nev-
ertheless, the present toy model gives important insight into
nMBPs and provides three correlated characteristics of them:
(i) the presence of a pressure gradient, leading to a funnel of
reduced density by virtue of the equation of state and there-
fore to a depression of the τ= 1 isosurface; (ii) the presence of
swirling motion and with it vorticity in the velocity field; (iii)
a local intensity contrast due to a temperature contrast at the
location of the depressed τ= 1 isosurface. Based on this infor-
mation, we have developed an algorithm by constructing an in-
dicator (a growing function of pressure gradient, vorticity, and
intensity contrast), and subsequent search of maxima of this in-
dicator. More precisely, the steps are:
1. Compute the indicator at τ = 1. We define hτ=1 as the depth
at which τ = 1, and ωv, z ≡ (∇ × u)z, τ=1 the vertical compo-
nent of the vorticity, and Tτ=1 the temperature, all evaluated
over the entire surface of τ = 1. Then, we define N as a
normalization operator applied to the array of values of each
physical quantity, which linearly maps each value to a new
value in the [0, 1] interval. More precisely, given an array Ai j,
N (A)i j ≡
Ai j −minm,n (Amn)
maxm,n (Amn) −minm,n (Amn) ,
and the indicator function is then constructed empirically as
I =
√
N (Tτ=1)2 +N (−hτ=1)2 +N
(∣∣∣ωv, z∣∣∣)2 .
2. Find the location of maxima of the indicator using a maxi-
mum filter (with sliding window of size 3 × 3).
3. For each local maximum of the indicator, search in the inten-
sity map for the closest intensity maximum. This defines the
location of a candidate nMBP.
4. Select granules (which we define as regions where the ver-
tical velocity is positive at τ = 1) and intergranular lanes
(complementary region).
5. Select the intergranular, local neighbourhood in the intensity
map for every candidate nMBP within an area of 100 × 100
computational cells centred on the nMBP. The boundary
between the nMBP and the local neighbourhood is con-
sistently defined to separate the region of intensity I >
1
2 (Icentre + Iout), the nMBP, from the region of intensity I <
1
2 (Icentre + Iout), the neighbourhood. Icentre is the maximal in-
tensity in the nMBP region and Iout is the average intensity
in the neighbourhood.
6. Select the spine of the nMBP in three-dimensional space. To
keep the computational demand low, we first extract from the
full computational domain a smaller box of 100 × 100 × 100
computational cells around its centre and the 〈τ〉 = 1 surface.
Starting at the depth of τ = 1 in the centre of the nMBP and
from there, layer by layer upwards and downwards, we look
for local minima in the density. Exactly at τ = 1 we select the
local density minimum closest to the approximate location of
the nMBP as determined in step 3. For the adjacent layers,
the selected local minimum is the one that is closest to that
of the previous layer.
7. Apply step 5 to scalar physical quantities other than the bolo-
metric intensity, on either the z = 0 plane or the τ= 1 iso-
surface. Evaluate the local and global contrast of the corre-
sponding scalar quantity (density, gas pressure, and temper-
ature).
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This algorithm managed very well to recognize all the nMBPs
that we had previously selected by eye in an arbitrary snapshot.
We then applied this algorithm to the entire time sequence of the
simulation, producing similar plots as shown in Figs. 2 and 3. We
have examined all the selected nMBPs visually and discarded
those that were not properly selected (i.e. “twin” nMBPs that
were very close to each other).
4. Physical properties of nMBPs
We investigate the following physical properties of nMBPs:
Equivalent diameter D: computed from the area A of a nMBP
as determined in step 5 of the algorithm given in the previous
section. Thus, D ≡ 2√A/pi.
Wilson-depression Wd: difference in height between the deep-
est point on the τ= 1 isosurface of a nMBP and the average
height of this surface in the neighbourhood of the nMBP as
determined in step 5 of the algorithm.
Intensity contrast CI: computed locally and globally from CI ≡
(Ip − 〈I〉)/〈I〉, where Ip is the average bolometric intensity
of the nMBP and 〈I〉 is either the bolometric intensity aver-
aged over the entire intensity map (global) or in the neigh-
bourhood (local) of the nMBP as determined in step 5 of the
algorithm.
Mass-density contrast Cρ: computed locally and globally on the
horizontal plane corresponding to 〈τ〉 = 1 (i.e., z = 0) and on
the τ= 1 isosurface, respectively. As determined in step 7 of
the algorithm, Cρ ≡ (ρ0 − 〈ρ〉)/〈ρ〉, where ρ0 is the minimal
mass density inside the nMBP at the given surface and 〈ρ〉
is either the density averaged over the entire plane or in the
neighbourhood at the given surface.
Pressure contrast CP: defined in the same way as the mass den-
sity contrast, with p0 taken at the same location as ρ0.
Temperature contrast CT : defined in the same way as the mass
density and the pressure contrast, with T0 taken at the same
location as ρ0.
Maximum vertical velocity vmaxv : defined in the horizontal plane
z = 0 (corresponding to 〈τ〉 = 1), inside the nMBP.
Maximum horizontal velocity vmaxh : also defined in the horizon-
tal plane z = 0 (corresponding to 〈τ〉 = 1), inside the nMBP.
Vorticity ωv,z: vertical component of the vorticity, defined in the
horizontal plane z = 0 at the same location as ρ0.
Lifetime: derived from a few nMBPs visually tracked on bolo-
metric intensity maps of Roe10.
The nMBPs that enter the following statistics have been ex-
tracted from the two distinctly different magnetic field-free sim-
ulation runs Roe10 and Roe7 (see Table 1). The mean values
and corresponding standard deviations of the physical quanti-
ties listed above (with the exception of the lifetime) are given in
Table 2 for both simulation runs and (depending on the quan-
tity) with respect to the plane at z = 0 and/or the τ= 1 sur-
face and with respect to the local and global neighbourhood. For
the lifetime, no automatic tracking of nMBPs was done because
the cadence of 240 s of the full box data is not high enough.
On the other hand, bolometric intensity maps are available at a
high cadence of 10 s, but the tracking of nMBPs from the in-
tensity maps alone would require involved pattern recognition
techniques and criterions for the appearance and disappearance
of nMBPs. Therefore we relied on a derivation from visually
tracked nMBPs on the bolometric intensity maps. Qualitatively,
we found bright points existing for a duration of 30 s up to the
granular time-scale of a few min.
Table 2. Physical quantities of nMBPs of two different simulations,
Roe10 with a grid size of 10 km in every spatial direction and Roe7 with
a grid size of 7 km in every direction. µ is the mean value, and σ the
standard deviation. See text for explanation of the physical quantities.
Simulation run Roe10 Roe7
Mean and standard deviation µ σ µ σ
D [km] 80 21 62 15
Wd [km] 103 32 83 34
CI
Local 21% 10% 19% 10%
Global 2% 9% -1% 12%
Cρ
At z = 0
Local -59% 10% -54% 12%
Global -58% 10% -57% 11%
At τ = 1
Local -43% 14% -39% 19%
Global -41% 15% -40% 17%
CP
At z = 0
Local -59% 10% -54% 12%
Global -61% 10% -60% 12%
At τ = 1
Local -38% 15% -35% 19%
Global -38% 16% -37% 18%
CT
At z = 0
Local -0.7% 2% -2% 4%
Global -9% 4% -8% 8%
At τ = 1
Local 8% 3% 6% 3%
Global 5% 4% 5% 4%
vmaxv [km s
−1] −6.9 2.9 -5.5 4.5
vmaxh [km s
−1] 9.5 1.3 9.2 1.1√
R Teff
[
1 −
(
1 + Cρ
)
(1 + CT )
]
4.8 0.40 4.6 0.57∣∣∣ωv,z∣∣∣ [s−1] 0.42 0.12 0.35 0.14
ωv,z [s−1] 0.02 0.44 -0.02 0.38
4√1 + CI − 1 (at τ = 1, local) 5% 2% 4% 2%
Notes. See text for explanation of the physical quantities.
For the first two entries in Table 2, the equivalent diameter D
and the Wilson depression Wd, the corresponding histograms are
given in Figs. 4 and 5, respectively. From Fig. 4 one readily sees
that the diameters of nMBPs are distinctly smaller than those
of magnetic bright points, which range from 100 km to 300 km
according to Wiehr et al. (2004). The median value for the diam-
eter is 78 km and 63 km for Roe10 and Roe7, respectively, while
Wiehr et al. (2004) obtain 160 km for the most frequent diam-
eter of magnetic bright points. In Fig. 4, one also observes that
the distribution of diameters of Roe7 is rather sharply limited at
30 km and 95 km, which could suggest that nMBPs are about to
be resolved in this simulation. Lowering the resolution can be ex-
pected to spread this distribution, which would then explain the
apparition of wings in the size distribution of Roe10. But more
likely, the low end of the distribution is given by the limited spa-
tial resolution of the simulations. On the other hand, we cannot
offer a plausible explanation for the extended wide wing to larger
diameters in the histogram of Roe10.
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Fig. 4. Size distribution of nMBPs, normalized to the average number
density in the corresponding simulation.
Fig. 5. Distribution of the Wilson-depression of nMBPs, normalized to
the average number density in the corresponding simulation.
Besides the physical quantities that appear on Table 2, an-
other interesting quantity is the number of nMBPs per unit area,
n10 and n7. We find n10 = 0.0712 Mm−2 and n7 = 0.189 Mm−2,
which indicates that at higher spatial resolution, we observe
more than twice as many bright points than at lower resolution.
The histograms of Figs. 4 and 5 are normalized to these respec-
tive number densities. The histogram of the equivalent diameter
shown in Fig. 4 suggests that this surplus is due to a larger num-
ber of small bright points detected at higher spatial resolution.
However, there still remains a difference of a factor of two be-
tween number densities in the two simulations when restricting
statistical analyses to nMBPs larger than 60 km in diameter; a
value that is significantly greater than the spatial resolution of
both simulations. This suggests that the high resolution simu-
lation not only harbours more small and tiny nMBPs but also
greatly favours the formation of large nMBPs.
The distribution of the Wilson depression, given in Fig. 5,
also shows an interesting trend: in the higher resolution model
Roe7 , it is globally shifted towards smaller depths compared
to the distribution from Roe10. An intuitive explanation for this
fact would be a correlation between size and Wilson depression,
which, however, does not exist. There are a number of numerical
parameters that differ between simulations Roe10 and Roe7 but
numerous test runs confirmed that none of these seem to sub-
stantially influence the Wilson depression. We therefore found
no convincing explanation why simulation Roe7 shows nMBPs
to have a mean Wilson depression which is approximately 20 km
less than that of simulation Roe10. In any case, the Wilson de-
pression of nMBPs of respectively 103 km and 83 km for Roe10
and Roe7 is again clearly smaller than corresponding values for
magnetic bright points of, typically, 150 km (Salhab et al., in
prep.).
In Table 2, one can see that the average values of contrasts
of intensity, mass density, pressure, and temperature do not
differ substantially between the two simulations. At first, this
seems to be at odds with the fact that the Wilson depression is
larger in Roe10 compared to Roe7. Thinking of a plane-parallel,
exponentially-stratified, hydrostatic atmosphere one would ex-
pect the density contrast at τ = 1 to also be larger in Roe10
compared to Roe7. However, this is only partially the case. The
reason is that close to τ = 1, the density runs rather constant
with height due to the onset of radiative loss and a correspond-
ing sharp drop in temperature (this is the quasi density reversal
that causes the Rayleigh-Taylor instability that drives the con-
vection). Furthermore, the funnel-shaped structure of the nMBPs
accentuates this behavior; smaller radii in deeper layers go to-
gether with faster swirling motion that can sustain larger gradi-
ents in mass density and pressure, which counteracts stratifica-
tion of the atmosphere inside the nMBP. The absence of expo-
nential stratification then keeps the density contrast insensitive
to the Wilson depression.
The intensity contrast (third entry in Table 2) is a quantity
that can be directly observed. As is the case for the contrast
of temperature at the τ = 1 isosurface, its value drastically de-
pends on whether it is evaluated locally (with respect to the lo-
cal neighbourhood) or globally (with respect to the mean inten-
sity/temperature). This is due to the fact that nMBPs are formed
within the dark intergranular space and are, compared to gran-
ules, not so bright. Some of the nMBPs are even darker than
the average intensity over the whole bolometric map, but they
are still conspicuous objects within the dark intergranular lanes
(see also Title & Berger 1996, for the same effect in the con-
text of magnetic bright points). The contrast of the bolometric
intensity of nMBPs in the order of 20% (local) and 0% (global)
is again distinctively smaller than the measured global contin-
uum contrast of magnetic bright points at 588 nm of 10% to 15%
by Wiehr et al. (2004) and at 525 nm of 37% (local) and 11%
(global) by Riethmüller et al. (2010). We ascribe this difference
to the difference in the formation of magnetic bright points and
nMBPs. Magnetic flux tubes are prone to the convective collapse
instability (Spruit 1979), which leads to a high degree of evacu-
ation and with it to a large Wilson depression and intensity con-
trast. No such instability and evacuation takes place in the case
of nMBPs. Like Wiehr et al. (2004) for magnetic bright points,
we do not find a correlation between local intensity contrast and
effective diameter of nMBPs.
The temperature contrast on the isosurface of unit optical
depth is positive as can be seen from Table 2. This can be seen
in Fig. 6, which shows that isotherms intersect the τ= 1 iso-
surface, similarly to magnetic bright points (see, e.g. Fig. 2 of
Steiner 2007). It is interesting to note that isotherms generally
also have a depression at the location of the nMBP funnel, al-
though smaller than the depression of optical depth unity. This
can be expected because of the swirling downdraft of cool photo-
spheric material at locations of nMBPs. The temperature contrast
on a horizontal plane of constant geometrical depth can there-
AA/2016/28649, page 6 of 10
F. Calvo et al.: Non-magnetic photospheric bright points in 3D simulations of the solar atmosphere
fore be negative, although it is always positive on the τ= 1 iso-
surface, which is also the reason for the brightness of nMBPs.
Pressure and density contrasts have very similar values, which
is expected because both quantities are related by the equation
of state, while the temperature contrast is relatively low. The
nMBPs form in swirling downdrafts in the intergranular space.
The maximal vertical velocity ranging from 5.5 to 7 km s−1 ap-
proaches sonic speed.
The vertical vortex event described by Moll et al. (2011) has
a diameter of 80 km, a Wilson depression of 110 km, an inten-
sity contrast of 0.24, and global density and pressure contrasts
at z = 0 of −0.64. This is one example observed in a simulation
with a grid size of 4 × 4 × 4 km3 as obtained with the MURaM
code (Vögler et al. 2005). These values are in close agreement
with the values and standard deviations given in Table 2 suggest-
ing that this vortex event is of the same class of objects described
herein. Correspondingly, we can consider nMBPs to be manifes-
tations of vertically extending vortex tubes, which themselves
are the manifestation of the turbulent nature of the near surface
convection.
Regarding the horizontal, azimuthal velocities in nMBPs, the
toy model in Sect. 3 provides an order of magnitude estimate. For
this, we consider the relations
Pext − Pint
ρext
≈ v2θ ,
ρint − ρext
ρext
≡ Cρ , Tint − TextText ≡ CT ,
Pext
ρext
≈ Rs Text , Text ≈ Teff ,
where P, ρ, Cρ, T , CT , Teff and vθ stand for gas pressure, mass
density, density contrast, temperature, temperature contrast, ef-
fective temperature, and tangential velocity respectively, and Rs
is the specific gas constant for which we choose the mean molec-
ular weight µ = 1.224. The indices “int” and “ext” refer to the
centre of the nMBP funnel and to its close surrounding, respec-
tively, always in the horizontal plane of 〈τ〉 = 1. The first equa-
tion is derived from Eq. (2). One can then express the tangential
velocity as a function of density contrast, temperature contrast,
and effective temperature as
vθ =
√
Rs Teff
[
1 − (1 + Cρ)(1 + CT )
]
≈
√
Rs Teff
2
= 4.4 km s−1 .
Here, we used Cρ ≈ −0.5 and CT ≈ 0 from Table 2, referring to
the horizontal plane 〈τ〉 = 1. This value is approximately half the
actual maximal horizontal velocity of nMBPs in the simulations,
which is, close to nMBP centres, around 9–9.5 km s−1 according
to Table 2.
As expected, there are as many bright points rotating clock-
wise as there are rotating anti-clockwise. We verified that the
average value of the vertical component of the vorticity
〈
ωv,z
〉
is
indeed close to zero.
Using both the Eddington-Barbier relation and the Stefan-
Boltzmann law, the temperature contrast at τ = 1 and the inten-
sity contrast are related as
1 + CI ≈ (1 + CT )4 .
It is verified in the simulations that〈
1 + CI
(1 + CT )4
〉
= 1.01 ± 0.06,
and the Pearson cross-correlation coefficient for these two con-
trasts is given by ρ = 0.49 (Roe10 simulation) and ρ = 0.35
(Roe7 simulation).
5. nMBPs in intensity maps of virtual observations
The kind of nMBPs described here have not been observed with
currently operating solar telescopes, presumably because of their
small size and relatively low intensity contrast. Nonmagnetic
photospheric bright points have been reported to exist by Berger
& Title (2001) and by Langhans et al. (2002). However, those
bright points exist on the edges of certain bright, rapidly expand-
ing granules while nMBPs are located within intergranular lanes.
The objects reported by Berger & Title (2001) and by Langhans
et al. (2002) are probably identical with the bright grains that of-
ten appear with the development of granular lanes (Yurchyshyn
et al. 2011).
The present bright points are non-magnetic by construction,
and it is therefore unclear to what extent such bright points really
exist in the solar photosphere that is virtually ubiquitously occu-
pied by magnetic fields (Lites et al. 2008). In reality, the pressure
gradient that is at the origin of nMBPs is probably always pro-
vided by a combination of the centripetal force and the magnetic
pressure gradient, however, in regions of low magnetic flux, it
may happen that the pressure gradient results mainly from the
swirling motion.
In order to gain insight into the requirements for the ob-
servational detection of nMBPs, we have degraded our syn-
thetic intensity maps to simulate observations with existing so-
lar telescopes, such as the 50 cm Solar Optical Telescope (SOT)
aboard the Hinode space observatory (Tsuneta et al. 2008), the
1 m telescope aboard the Sunrise balloon-borne solar observa-
tory (Barthol et al. 2011), and the 1.5 m ground-based GRE-
GOR solar telescope (Schmidt et al. 2012), as well as with fu-
ture solar telescopes currently under construction, such as the
4 m Daniel K. Inouye Solar Telescope (DKIST; Keil et al. 2010),
or planned solar telescopes such as the space-borne 1.5 m So-
lar UV-Visible-IR Telescope (SUVIT; Suematsu et al. 2014), the
2 m Indian National Large Solar Telescope (NLST; Hasan et al.
2010), and the 4 m European Solar Telescope (EST; Collados
et al. 2010). The point spread functions (PSFs) that we have con-
structed are convolutions of the diffraction-limited PSFs, taking
the entrance pupil (including secondary mirror and spider) of the
various instruments into account, with Lorentz functions. The
Lorentz functions are intended to account for non-ideal contribu-
tions due to stray-light inside the instrument. Their γ parameter
has been chosen to inversely scale with the telescope aperture,
with the reference value for the 50 cm SOT aperture given by the
greatest value deduced by Wedemeyer-Böhm (2008) from ob-
servations of the Mercury transit from 2006 and the solar eclipse
from 2007. Wedemeyer-Böhm (2008) has carried out convolu-
tions with both Voigt and Lorentz functions in different observa-
tional situations. Unfortunately, the optimal parameters are quite
sensitive to observational scenarios. We have thus decided to re-
tain as few parameters as possible (choosing the Lorentz func-
tion over the Voigt function) and we also chose γ = 9, when dif-
ferent situations suggest a range of values from 7± 1 up to 9± 1.
Our PSFs are therefore more realistic than simple diffraction-
limited PSFs but are nonetheless not fully accurate.
According to Fig. 7, nMBPs could be seen using the GRE-
GOR solar telescope. However, the spatial resolution capability
of GREGOR of 0′′.08 at 500 nm corresponds to ≈ 60 km on the
Sun, so that an 80 km nMBP would appear as a brightness en-
hancement in one single resolution element only. Furthermore,
to be sure that the nMBP harbours no strong magnetic field, a
simultaneous polarimetric measurement needs to be carried out,
for which the resolution is a mere 0′′.3.
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Fig. 6. Vertical section through a typical nMBP showing isotherms (labeled coloured curves) and the mass density plotted in the background (light
is low density and dark blue is high density). The τ= 1 isosurface is the dashed red curve. This surface intersects the isotherms, reaching to high
temperatures where it dips deep down at the location of the nMBP at x ≈ 8100 km.
Fig. 7. Single snapshot of the Roe10 simulation showing the intensity in the continuum at 5000 Å (left) and the corresponding degraded image with
a GREGOR-like point-spread function (right). A typical nMBP of 80 km diameter is magnified.
From Fig. 8 one can see that the peak intensity observed in
telescopes with apertures up to 2 m is barely higher than the
intensity in the immediate vicinity, and the nMBP appears larger
than in the raw simulations, making it very difficult to distinguish
it from other bright structures.
From this, we conclude that telescopes with large apertures,
such as DKIST or EST, are needed to approach the contrast of
nMBPs found in the simulations and in order to achieve suffi-
ciently high spatial resolution in polarimetry for an unambigu-
ous detection of nMBPs.
6. Conclusion
This paper investigates bright points that appear within inter-
granular lanes of high-resolution, magnetic field-free, numerical
simulations of the solar photosphere. The most striking proper-
ties of these features are that on the τ= 1 isosurface, their tem-
perature is, on average, 5% higher than the mean temperature
(which makes them appear bright), their mass density is lower
in a funnel extending from the upper convection zone to the
lower photosphere, and they comprise transonic swirling mo-
tions. At the location of the bright point, the τ= 1 isosurface
lies, on average, 80 − 100 km deeper than the horizontal plane
z = 0 (corresponding to the mean optical depth 〈τ〉 = 1). At
this level (z = 0), their density and pressure are reduced by ap-
proximately 60% of the corresponding global average values at
the same level. On average, their size (equivalent diameter) is
approximately 60 − 80 km, corresponding to 0′′.08 – 0′′.11, and
their bolometric intensity contrast is approximately 20% with
respect to their immediate intergranular surroundings. The num-
ber of nMBPs per unit area is 0.07–0.19 Mm−2 and their lifespan
ranges from approximately 30 s up to the granular lifetime of
several minutes.
Based on some of these properties an algorithm for the au-
tomatic detection of nMBPs has been developed that enables us
to derive statistics of their physical properties. Comparing the
statistics of two simulations with differing spatial resolutions of
10 km and 7 km, we find nMBP equivalent diameters down to
the resolution limit of the simulations. At the upper end of the
size distribution, we find twice as many bright points with the
higher spatial resolution as we do with the lower spatial resolu-
tion. Also, we find that in subsurface layers, swirling low density
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Fig. 8. Intensity contrast in the continuum at 5000 Å across the nMBP of Fig. 7 (section along y-axis), using degraded images obtained with a
variety of PSFs that correspond to the solar telescopes listed in the text. The legend orders the telescopes according to the simulated peak contrast,
from highest to lowest. The curves with degradations corresponding to DKIST and EST are close to congruent. The coordinate x = 0 corresponds
to the centre of the nMBP, which is taken to be the point of lowest density in the τ= 1 isosurface. Note that the peak intensity is displaced with
respect to this nMBP centre because the nMBP funnel is inclined with respect to the vertical direction, as is often the case, such as that visible in
the right-hand panel of Fig. 2.
funnels are much more abundant than nMBPs. These low density
funnels appear only as bright points under the condition that they
extend into the photosphere. The characteristics of the nMBPs
found here are in close agreement with corresponding properties
of vertical vortices found by Moll et al. (2011). Thus, nMBPs are
an observable manifestation of vertically directed vortex tubes,
similar to bright granular lanes, which are a manifestation of hor-
izontally directed vortex tubes (Steiner et al. 2010).
Both nMBPs and granular lanes together offer a glimpse of
the elements of turbulence at work in a stratified medium, which
is of basic physical interest. The nMBPs are so minuscule that
they seem not to have any impact on the overall appearance of
granules and the near surface convection. However, as soon as
magnetic flux concentrations are attracted by and caught into the
swirling down draft of a nMBP, we expect them to have a major
impact on the tenuous atmosphere higher up through magnetic
coupling (Shelyag et al. 2011; Steiner & Rezaei 2012). Chro-
mospheric swirls (Wedemeyer-Böhm & Rouppe van der Voort
2009) and magnetic tornadoes (Wedemeyer-Böhm et al. 2012;
Wedemeyer & Steiner 2014) would be the consequences.
Such nMBPs are barely detectable using currently operating
solar telescopes because of their small size and relatively low
contrast, and due to the limited spatial resolution of the mag-
netograms achievable with these telescopes (currently ≈0′′.3).
High-resolution magnetograms are needed to prove the absence
of strong magnetic fields in nMBPs. If nMBPs exist, they should
be observable with the new generation of 4-m-class telescopes
in regions of very weak magnetic fields. The Visible Tunable
Filter (VTF; Schmidt et al. 2014) of DKIST is designed to pro-
duce diffraction-limited magnetograms, which should therefore
be adequate for the unambiguous detection of nMBPs.
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